The subduction of cold oceanic lithosphere governs the internal temperature of the Earth's mantle and, in turn, the style and heat transfer properties of convection driven by core-cooling. Laboratory experiments [Jellinek et al., 2003] suggest that low viscosity "cavity plumes" with large heads and narrow tails emerge only where the hot thermal boundary layer (TBL) viscosity ratio, λ h > O(10), corresponding to a condition in which the velocity boundary layer (VBL) is concentrated within the basal part of the TBL. Here, two-dimensional numerical simulations, in which active-lid mantle convection is either forced from above or allowed to arise naturally, are used to confirm as well as to expand the laboratory results to a broad range of conditions appropriate for planetary mantles. Three results emerge: (1) Where λ h ≥ O(10) a morphologic transition from upwellings in the form of isoviscous thermals to cavity plumes occurs and is accompanied by a qualitatative change in the temporal and spatial dynamics of the hot TBL; (2) This transition is characterized by the VBL becoming thinner than the TBL; and (3) A regime in which λ h ≥ O(10) can only occur if the total viscosity ratio across the convecting system, λT ≥ O(10 2 ). Our results support the conjecture that low viscosity (λ h ≥ O(10)) mantle plumes in the Earth are an inevitable consequence of plate tectonics.
Introduction and Motivation
Identifying key influences of plate subduction and large-scale mantle stirring on the structure and dynamics of the thermal boundary layer at the core-mantle boundary is important for understanding the heat transfer properties of mantle convection as well as the thermal evolution of the Earth as a whole [ Gonnermann et al., 2004] . The structure and dynamics of this thermal boundary layer govern the formation of mantle plumes which, in turn, may determine the existence, longevity, spatial distribution and longevity of hotspot volcanoes [e.g. Jellinek and Manga, 2004] . In addition, the spatial distribution and magnitude of cooling at the core-mantle boundary probably governs the existence [Buffett, 2002] and may influence the structure of the Earth's magnetic field [Olson and Glatzmaier, 1996; Gibbons and Gubbins, Copyright 2006 by the American Geophysical Union. 0094-8276/06/$5.00 2000]. Such a conceptual framework is also useful for characterizing and analyzing intrinsic differences between the cooling histories of the Earth, which is in a plate tectonic or "active-lid" regime of mantle convection [e.g. Moresi and Solomatov, 1998] , and one plate planets such as Venus, Mars or Mercury, which are in a "stagnant lid" mode of mantle convection [Solomatov and Moresi, 2000; Schubert et al., 2001] . Indeed, the presence or absence of magnetic fields among the terrestrial planets, for example, may be explained in terms of whether or not the core heat flux associated with a particular regime of planetary mantle convection is sufficient to drive a core dynamo [ Stevenson, 2003] .
In a recent paper, Jellinek et al. [2003] (JGR03 from here on) use analog laboratory experiments to study the influence of a large-scale flow imposed from above on basally-heated mantle convection. Using measurements of local heat flux, JGR03 identify two flow regimes depending on the ratio, λ h , of the viscosity of the fluid interior, µ in , to the viscosity of fluid in contact with the hot boundary, µ h and the velocity of the large-scale flow. Where λ h < O(10), vertical velocity gradients growing in response to the interaction between imposed lateral motions and the rigid hot bottom boundary (i.e. the velocity boundary layer, VBL) extend from the system base, through the conductive thermal boundary layer (TBL), and into the overlying convecting interior. The TBL thickness δ ∼ (L/P e) 1/3 , where L is the horizontal position of the heat flux sensor, and convective upwellings are in the form of intermittent, nearly isoviscous "thermals" [Manga et al., 2001; Schaeffer and Manga, 2001 ]. In contrast, where λ h > O(10) the VBL is confined to be within the lowest viscosity basal part of the hot thermal boundary and the TBL thickness δ ∼ (L/P e) 1/2 . Upwellings in this case are formed predominantly by the lateral flow of the lowest viscosity material into nascent convective instabilities [cf. Morris, 1982; Loper and Stacey, 1983; Morris and Canright, 1984] and consequently take the form of "cavity plumes" with large heads and narrow tails [Whitehead and Luther, 1975; Olson and Singer, 1985] ( Figure 1) . A more complete discussion of the conditions leading to either thermals or cavity plumes can be found in in Jellinek and Manga, [2004] .
An inference drawn from JGR03, that is consistent with a number of previous studies [Loper and Stacey,, 1983; Lenardic and Kaula, 1993; Sleep, 2004] is that the morphologic transition in the structure of upwellings from thermals to cavity plumes occurs where the VBL becomes thinner than the TBL (Figure 1 ). Although a stimulating conclusion the experiments in JGR03 suffer from a number of practical limitations that may influence their applicability to mantle convection. First, the large-scale flow is forced from above rather than driven by buoyancy and viscous forces arising naturally in the system. Second, the experiments are transient and heated from below. Finally, in contrast to the approximately stress-free boundary condition for mantle convection at the core-mantle boundary, the floor of the tank is a rigid boundary characterized by the no-slip condition.
A central aim of this work is to use two-dimensional numerical simulations to investigate the extent to which the transition in boundary layer structure and convective regime observed by JGR03 at λ h ∼ O(10) is a characteristic feature of mantle convection in an active-lid regime.
In particular, we characterize additional effects of top cooling, free-slip basal (and sidewall) boundaries, and the role of viscosity variations. Simulations are performed using both a fixed velocity upper boundary condition, as with the experiments, as well as under conditions in which subduction can arise naturally .
Numerical Simulations
We use the CITCOM finite element code to solve the equations of Rayleigh-Beńard convection in the limit of infinite Prandtl Number within a 1x1 cartesian domain, with a fixed temperature difference ∆T between the boundaries . Numerical simulations are run to statistically steady-state conditions and the accuracy of the code is tested against standard benchmark solutions [Blackenbach et al., 1989] . Convergence testing is also performed to assure that simulations are well resolved. Simulations reported are performed using 64 x 64, 96 x 96, and 128 x 128 meshes. The difference in system outputs from the lower to the higher density meshes indicated that discretization errors were less than 3% for all results reported. Most importantly, we confiremed that general trends we will report from all simulation suites were not influenced by mesh errors.
The non-dimensional system of equations with the Boussinesq approximation is:
where Ra h = ρ 0 gα∆T D 3 /µ h κ is the Rayleigh number.
Here, µ h is the viscosity, u i is the velocity vector, µ(T ) is the viscosity, T is temperature, ij is the strain rate tensor, p is pressure,k is the vertical unit vector, ρ is the density, α is the coefficient of thermal expansion, g is the acceleration due to gravity, ∆T is the temperature difference across the layer, D is the layer depth, and κ is thermal diffusivity. Subscripts of zero indicate reference values and subscripts c and h denote quantities measured at the "cold, and "hot" boundaries. Equations (1-3) are the continuity, momentum and energy equations for incompressible flow. Equation (4) is the linearized equation of state. In addition, assuming that the mantle deforms in the diffusion creep limit we apply the reasonable approximation for the viscosity law
where the rheological temperature scale γ = −dln(µ)/dT . It will be useful to introduce also the dimensionless average basal heat flux or Nusselt number is N u = qD/K∆T , where q is the measured convective heat flux.
To broaden the parameter space of JGR03 we perform two series of simulations. In an initial "forced convection setup" carried out in a 1 × 1 modeling domain we fix Ra h = 10 8 and apply a fixed velocity upper boundary condition, as done in the experiments, and explore the additional consequences of top cooling, free-and no-slip sidewall and basal boundary conditions. Variations in the magnitude of the temperature dependence of the viscosity, γ, which through Eq. (5) are conveniently expressed in terms of their effect on the total viscosity variation across the system, λ T = µ c /µ h , are also investigated. We note that in the absence of forced subduction where λ T > 10 2 the flow is expected to be in the stagnant lid regime [Jellinek and Manga, 2004] . The applied surface velocity, V , is expressed non-dimensionally as a Peclet number, P e = V D/κ. In terms of direct comparison with the experiments one limitation with this setup is that accurate local measurements of the TBL and VBL thicknesses could not be obtained and compared with the scaling theory presented in JGR03. Consequently this set of calculations has two goals, which are to identify whether a transition from thermals to cavity plumes generally occurs when λ T > O(10) and also to further characterize the spatial and temporal dynamics of the thermal boundary layer.
In a second set of "free convection" simulations we relax the fixed velocity upper boundary condition and investigate whether a similar transition in flow regime emerges if subduction and large-scale stirring of the cold boundary layer arise naturally in the system. Following we apply a viscoplastic mantle rheology that can allow for an active-lid mode of convection and for an internal mantle viscosity that depends strongly on temperature. That is, for convective stresses below a critical yield stress, τ yield , the rheology is given by Eq. (5). If λT > 10 2 under this stress condition convection will be in the stagnant lid regime. For stresses above τ yield , however, the rheology is nonlinear and the effective viscosity is given by µ plastic = τ yield /I) , where I is the second strain-rate invariant. Owing to the shear-thinning nature of this rheology, where stresses exceed τ yield strain is localized in narrow shear zones and the stagnant lid fails resulting in active-lid convection. A particular utility of this formulation is that subduction and stirring of the cold boundary layer can occur without doing external work on the system, the dissipation of which may influence the temperature and, thus, viscosity variations in the hot thermal boundary layer. Here, we perform calculations only in the active-lid regime. Consequently, for a given aspect ratio the only parameter that is required to describe the dynamics in the system is Ra h . In these runs we fix the aspect ratio to be 1 for runs in which Ra h = 10 8 , and 1-4 for lower Ra h . We vary Ra h for a range of rheological temperature scales, γ. The boundary conditions for all cases are constant temperature, free slip top and bottom. Side boundary conditions are reflecting for lower aspect ratios and either reflecting or wrap-around for larger aspect ratios. We focus on basal boundary layer structure and map the ratio, ∆, of the thickness of the VBL to that of the TBL as a function of λ h . Following JGR03, our goal is to determine whether ∆ < 1 where λ h > O(10) under these conditions.
Results

Forced convection cases
The main effect of the imposed stirring is to deliver cold material to the base of the system. At steady-state, the magnitude of the cooling carried by the large-scale flow thus governs the temperature difference from the interior to the hot boundary, and through Eq. (5), λ h . Figures 2a and 2b show that λ h increases with P e, consistent with their being less time for descending cold material to equilibrate thermally with the interior as P e becomes large. However, the magnitude of increase of λ h with P e increases abruptly for all λ T ≥ 100 when λ h ≥ O(10) for both no-and free-slip boundaries. In addition, the magnitude of the increase appears to depend weakly on the boundary conditions. Inset plots show that where λ h > O(10) the ratio λ h /λ T ∝ P e α , where α → 1.5 and α → 2 for free-and no-slip boundaries, respectively. The enhanced dependence of λ h on P e when λ h > O(10) is consistent with the transition from the q ∼ P e 1/3 to the q ∼ P e 1/2 (local) heat flux scaling obtained in JGR03.
The spatial and temporal dynamics of the hot boundary layer also depend strongly on whether λ h > O(10). Figure 3 shows time series of the average basal heat flux, N u, and snapshots from simulations with no-slip basal and sidewall boundaries. The lower time series and image on the left are from a simulation in which λ h < O(10). Hot thermal boundary layer fluid coupled to the rigid boundary is overrun, and also swept downstream, forming a thin "squeeze layer". by the spreading cold material. The thickness of the squeeze layer increases monotonically downstream until it is sufficiently thick to undergo convective instabilities leading to the intermittent formation and rise of nearly isoviscous thermals. The upper time series and the image on the right side is characteristic of flows in which λ h > O(10), which is observed only when λ T > 10 2 . In addition to a higher average N u, resulting from larger temperature differences across the hot thermal boundary layer, the time series show quasi-periodic convective instabilities ("bursts") of buoyant squeeze layer fluid. The excess temperatures carried by these upwellings are much larger than those carried by thermals. As a consequence of Eqn. (5) upwellings are low viscosity structures analogous to three-dimensional cavity plumes observed in JGR03. Due to difficulties inherent to resolving numerically thermal boundary layers in flows with very large λ T we are unable to establish the bursting period over a large parameter space. Qualitatively, however, we find that the period increases with λ T and P e. We note that for given λ T similar bursting is observed with approximately the same frequency characteristics in large aspect ratio simulations (aspect ratios of 4) as well as in simulations with free-slip, and periodic boundaries. Thus, this feature is not a consequence of phenomena such as corner flows that can arise in the presence of no-slip boundaries. It is, however, worth noting that the effect is more pronounced for the no-slip cases and that this difference is likely a consequence of an enhanced squeeze layer thickness due to the no-slip basal boundary condition.
Free convection cases
The results from an extensive suite of numerical simulations of active-lid convection in a viscoplastic mantle are shown in Figure 4 . The boundary layer thickness ratio ∆ is plotted against λ h and for a range of Ra h . The thicknesses of the VBL and TBL are defined as the positions above the bottom boundary at which the horizontally-averaged rms vertical velocity and temperature profiles reaches ≈ 90% of the value for the internal core of the modeling domain. All results are taken from times at which the simulation had entered a statistically steady state: and vVelocity and temperature profiles are averaged over several system overturn times so that boundary layer thickness reported represent both spatial and temporal means. The results show that when λ h ≥ O(10) the velocity boundary layer is thinner than the hot thermal boundary layer over a wide range of conditions. In addition, by virtue of the setup of these calculations the interior temperature in the active-lid regime is the mean of the two boundaries. Consequently we find that λ h ≈ λ 1/2 T , which is expected from the viscosity law given by Eq. (5) [e.g. Jellinek and Manga, 2004] . Thus, a further result, that is consistent with the forced convection simulations is that in order for λ h ≥ O(10) the total viscosity ratio λT ≥ O(10 2 ).
Discussion, application and future work
The combined numerical results support and generalize to a larger parameter space two key results from laboratory experiments of JGR03. First, the forced convection runs show that a transition from conditions leading to thermals to those leading to cavity plumes occurs where λ h ≥ O(10) and that such a transition is only observed if the total viscosity ratio λ T ≥ O(10 2 ). Second, the free convection results show that such a transition in flow regime is a direct result of the VBL becoming thinner than the TBL, which also can also only occur if λ T ≥ O(10 2 ). Both suites of simulations taken together with the laboratory results in JGR03 provide the first direct support for an additional, long-standing hypothesis [e.g. Loper and Stacey, 1983 ] that the transition from thermals to cavity plumes occurs because the VBL becomes thinner than the TBL. A complete test of the robustness of this hypothesis, over the full range of potential conditions for planetary mantles, is beyond the scope of this study but is an exciting direction for future work. A systematic study of the average boundary layer thickness ratio, ∆, as well as the local variations in this ratio in the forced convection case would be particularly useful as this setup is easily analyzed theoretically.
A second noteworthy result highlighted in Figure 3 is that the temporal and spatial dynamics of the thermal boundary layer are markedly different depending on whether λ h > O(10). In particular, the appearance of cavity plume "bursts" with a period that apparently increases with both λT and P e is a characteristic feature of flows in which λ h > O(10). The appearance of these dynamic features is probably due to the changing condition for marginal stability arising due to a combination of large viscosity variations, which imply a larger critical boundary layer thickness [e.g. Lister and Kerr, 1989] , and also to the presence of vertical shear and the downstream advection of buoyant hot boundary layer fluid and convective instabilities [Gonnermann et al., 2004] . This regime is observed for large and small aspect ratio flows and for no-and free-slip boundaries. Full analysis remains an additional exciting subject for future study.
Our results have a number of implications for active lid mantle convection on the Earth as well as for comparison with one-plate planets and moons in the stagnant lid regime. From the results of many studies it is clear that mantle convection in a stagnant lid regime will be characterized by λ h ∼ O(1) (see review by Jellinek and Manga [2004] ) . Upwellings in this case are expected to be thermals carrying a correspondingly small excess temperature that is not consistent with excess temperatures X -7 ≥ 200 o C inferred from analyses of hotspots on Earth [Davies,, 1988; Sleep, 1990; Schilling, 1991; Zhong and Watts, 2002] . Applying our combined results, our work thus supports a conjecture outlined initially by Nataf [1991] and explored in a number of subsequent studies [ Lenardic and Kaula, 1993; Jellinek et al., 2002; Jellinek and Manga, 2004 ] that hot, low viscosity mantle plumes in the Earth are an inevitable consequence of plate tectonics and mantle stirring. Lenardic improved this manuscript significantly. VT thanks Hanno and Meena Thayalan for support. This work has been supported by NSERC, the Canadian Institute for Advanced Research, NSF. 
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